Introduction
============

Glioblastoma multiforme (GBM), which is classified by the World Health Organization as a grade IV glioma, exhibits a high morbidity and mortality, comprising 47.1% of all malignant tumors of the central nervous system ([@b1-or-41-04-2194],[@b2-or-41-04-2194]). In total, \~13,000 people in America are diagnosed with GBM each year ([@b3-or-41-04-2194]). The main treatment of GBM is surgical resection in combination with radiotherapy or chemotherapy. However, the majority of patients relapse within the 7 months following their original diagnoses ([@b4-or-41-04-2194]). Furthermore, a resistance to current chemotherapy leads to a heavy tumor burden for patients with GBM. Although novel treatments, including immunotherapy and molecular targeted therapy, have been in development for several years ([@b5-or-41-04-2194],[@b6-or-41-04-2194]), the 5-year survival rate is relatively low, with a median survival time of 15 months ([@b4-or-41-04-2194]), indicating the urgency of determining novel therapies.

MicroRNAs (miRNAs) are a class of small non-coding RNAs comprising \~19--23 nucleotides ([@b7-or-41-04-2194]). By binding to target mRNAs, miRNAs regulate gene expression at the transcriptional or posttranscriptional level, which enables them to serve pivotal roles in various biological processes, including cell growth, apoptosis, invasion and metastasis ([@b8-or-41-04-2194],[@b9-or-41-04-2194]). In terms of GBM, it is widely reported that miRNAs participate in various molecular pathways associated with cancer development ([@b10-or-41-04-2194]--[@b12-or-41-04-2194]). miRNA-targeted therapy has been utilized in cancer treatment by developing miRNA mimetic and anti-miRNA agents ([@b13-or-41-04-2194]). The present study aimed to determine latent miRNA-based therapeutic agents for GBM by employing a Connectivity Map (CMap) method. Using \>7,000 expression profiles (representing 1,309 compounds), the CMap reveals connections among genes, chemicals and diseases ([@b14-or-41-04-2194]). It is extensively used in the exploitation of novel drugs or existing drug applications ([@b15-or-41-04-2194],[@b16-or-41-04-2194]). Drugs that are available in CMap are all licensed for human use by the Food and Drug Administration ([@b17-or-41-04-2194]). It is an ideal database for probing chemicals that may be applied in the therapy of GBM.

The experimental processes of the present study were as follows ([Fig. 1](#f1-or-41-04-2194){ref-type="fig"}): i) A statistical analysis of differentially expressed miRNAs (DEMs) in GBM was performed using the expression data of gene chips collected from the Gene Expression Omnibus (GEO); ii) the target genes of DEMs were predicted and intersected with the GBM-associated genes and the resulting genes were defined as miRNA-associated differentially expressed genes (DEGs); iii) Gene Ontology (GO) functional annotations and a Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were performed, and the genes participating in the 'glioma pathway' were selected for further analysis; iv) a CMap analysis was applied to probe for potential therapeutic chemicals for GBM; and v) a molecular docking approach was adopted to assess the affinity of the selected chemicals to their target genes.

Materials and methods
=====================

### Identification of DEMs in GBM

A search of miRNA-associated microarray datasets in GBM was performed using the GEO database ([@b18-or-41-04-2194]) with the following screening criteria: i) the organism must be restricted to 'homo sapiens'; ii) a complete expression profile determination of the miRNA had to have been performed; and iii) cancerous and noncancerous samples needed to contain at least five samples. A Bioconductor package 'Limma' ([@b19-or-41-04-2194]) was applied to screen for DEMs in the available gene chip. The DEMs in the individual gene chips were then integrated and ranked with RobustRankAggreg ([@b20-or-41-04-2194]), which is an R package for the comprehensive integration of the gene list.

### Collection of miRNA-associated DEGs

With filter conditions of \[log~2~ (fold change)\]≥1.5 and an adjusted P\<0.05, DEGs in GBM were collected from Gene Expression Profiling Interactive Analysis (GEPIA) ([@b21-or-41-04-2194]), an online interactive server for gene sequence analysis that provides a gene expression profile comparison between 163 GBM specimens and 207 normal brain samples from the Cancer Genome Atlas and Genotype-Tissue Expression projects.

The target genes of DEMs were predicted using miRWalk ([@b22-or-41-04-2194]), an integrated resource that provides predictions of miRNA- target interactions. Only the target genes that were predicted by at least eight target-predicting algorithms were considered to intersect with the DEGs gathered from GEPIA. Overlapping genes were regarded as miRNA-associated DEGs in GBM.

### GO and KEGG enrichment analyses and protein-protein interaction (PPI) network construction

GO and KEGG enrichment analyses were performed using the ClusterProfiler ([@b23-or-41-04-2194]), an R package that is used for the systematic analysis of gene clusters. A PPI network was constructed using STRING ([@b24-or-41-04-2194]), a database that provides functional interactions among proteins.

### Immunohistochemistry

The Human Protein Atlas (<https://www.proteinatlas.org/>), an interactive web tool that assesses proteins in all major tissues and organs in the human body ([@b25-or-41-04-2194]) was used to determine the expression level of proteins. The main clinical characteristic of the patients are presented in [Table SII](#SD1-or-41-04-2194){ref-type="supplementary-material"}.

### Drug discovery in CMap

Query genes were uploaded to the CMap web tool ([@b26-or-41-04-2194]), comparing \>7,000 gene expression profiles following treatment with 1,309 active chemicals in human cell lines. The link between the query genes and the 1,309 chemicals was measured via a connectivity score provided by the CMap tool, which ranged valued from −1 to 1. A positive score implied a stimulative effect, while a negative score indicated a suppressive effect of the chemical on the given signatures.

### Molecular docking analysis

Molecular docking between the proteins encoded by miRNA-associated DEGs and filtered chemicals was performed using Sybyl-X ([@b27-or-41-04-2194]). Protein crystal structures were downloaded from the Research Collaboratory for Structural Bioinformatics Protein Data Bank (PDB) ([@b28-or-41-04-2194]) and chemical structures were obtained from PubChem ([@b29-or-41-04-2194]). First, the protein crystal structure was imported into the Sybyl-X 2.1.1 software on the Surflex-Dock interface. Following the removal of irrelevant water molecules and ions, the repair of side chains, the charging of terminal groups and the addition of polar hydrogen atoms, the proteins were prepared for docking. Protomols, which are active pockets that ligands are aligned to, were generated with the use of an automatic mode. Compounds in the mol2 format were then imported into the software on the Docking interface and protein-ligand docking was run under the surflex-dock geom mode, after which a total score was exported, with these scores being directly proportional to the binding affinity. Other parameters were set by default. The binding mode was visualized by the use of PyMOL ([@b30-or-41-04-2194]).

Results
=======

### Screening of 10 DEMs in GBM by the RobustRankAggreg method

Three gene chips \[GSE25631 ([@b31-or-41-04-2194]), GSE42657 ([@b32-or-41-04-2194]) and GSE61710 ([@b33-or-41-04-2194])\], were collected from GEO. The basic information of the three microarray datasets are presented in [Table I](#tI-or-41-04-2194){ref-type="table"} and the main clinicopathological characteristics of the samples in the three gene chips are presented in supplementary [Table SI](#SD1-or-41-04-2194){ref-type="supplementary-material"} with the screening criteria of \[log2 (fold change)\] \>1 and P\<0.05, 51 upregulated miRNAs and 56 downregulated miRNAs were obtained in gene chip GSE25631 ([Fig. 2A](#f2-or-41-04-2194){ref-type="fig"}); 47 upregulated miRNAs and 61 downregulated miRNAs were obtained in gene chip GSE42657 ([Fig. 2B](#f2-or-41-04-2194){ref-type="fig"}); and eight upregulated miRNAs and one downregulated miRNA were identified in gene chip GSE61710 ([Fig. 2C](#f2-or-41-04-2194){ref-type="fig"}). Following robust rank aggregation, an ordered list of all of the DEMs in the three datasets was acquired, among which the top five upregulated DEMs (hsa-miR-196a, hsa-miR-10b, hsa-miR-196b, hsa-miR-18b and hsa-miR-542-3p) and the top five downregulated DEMs (hsa-miR-219-2-3p, hsa-miR-1224-5p, hsa-miR-129-3p, hsa-miR-876-3p and hsa-miR-770-5p) were determined as being miRNAs associated with GBM ([Fig. 2D](#f2-or-41-04-2194){ref-type="fig"}). The expression of the 10 DEMs in each dataset is presented in [Fig. 3](#f3-or-41-04-2194){ref-type="fig"}. Published studies focusing on the associations between the 10 DEMs and GBM are included in [Table II](#tII-or-41-04-2194){ref-type="table"}.

### Collection of 390 miRNA-associated DEGs in GBM

A total of 1,720 genes were identified as targets of the aforementioned 10 DEMs. Additionally, 4,185 DEGs containing 2,719 upregulated genes and 1,466 downregulated genes in GBM were collected from GEPIA ([Fig. 4A](#f4-or-41-04-2194){ref-type="fig"}). An intersection between the 1,720 target genes and the 4,185 DEGs was performed, revealing 390 overlapping miRNA-associated DEGs ([Fig. 4B](#f4-or-41-04-2194){ref-type="fig"}).

### GO and KEGG enrichment analyses of 390 miRNA-associated DEGs, and PPI analysis of eight GBM-associated genes

GO functional annotations were performed to determine the potential molecular mechanisms employed by the 390 miRNA-associated DEGs. The top 10 biological processes (BP), cellular components (CC) and molecular functions (MF) are listed in [Fig. 5A-C](#f5-or-41-04-2194){ref-type="fig"}. The highly enriched BP terms were 'cell growth', 'signal release' and 'regulation of cell growth'. The markedly enriched CC terms were 'presynapse', 'axon' and 'synaptic membrane'. The predominantly enriched MF terms were 'transcription factor activity, RNA polymerase II core promoter proximal region sequence-specific binding', 'transcriptional activator activity, RNA polymerase II transcription regulatory region sequence-specific binding' and 'transcriptional activator activity, RNA polymerase II core promoter proximal region sequence-specific binding'.

The KEGG pathway was utilized to further probe the underlying pathological pathways that the 390 genes are involved in during the inception and progression of GBM. With an adjusted value of P\<0.05, 32 pathways were enriched by the 390 genes ([Fig. 5D](#f5-or-41-04-2194){ref-type="fig"}), many of which were tumor-associated pathways, including the 'mitogen activated protein kinase (MAPK) signaling pathway', the 'gonadotropin-releasing hormone (GnRH) signaling pathway' and the 'oxytocin signaling pathway'. In addition, eight genes \[cyclin-dependent kinase-6 (CDK6), retinoblastoma-associated protein (RB1), calcium/calmodulin-dependent protein kinase type II subunit gamma (CAMK2G), calcium/calmodulin-dependent protein kinase type II subunit beta (CAMK2B), GTPase NRas (NRAS), protein kinase C beta type (PRKCB), platelet derived growth factor receptor alpha (PDGFRA) and calmodulin 3 (CALM3)\] were determined to be centralized in the glioma pathway ([Fig. 6](#f6-or-41-04-2194){ref-type="fig"}). In this pathway, the eight genes were revealed to participate in cell growth and proliferation, G1/S progression, cell migration and mitosis by interacting with upstream or downstream genes. The expression of the eight genes in GBM and normal controls were compared based on the data from GEPIA using a Student\'s t-test presented as scatter-box plots ([Fig. 7](#f7-or-41-04-2194){ref-type="fig"}). Among them, CDK6, RB1, NRAS, and PDGFRA were upregulated in GBM, and CAMK2G, CAMK2B, PRKCB, and CALM3 were downregulated in GBM tissues. Additionally, the expression patterns of their encoded proteins in GBM and normal brain tissues were validated using The Human Protein Atlas (<https://www.proteinatlas.org/>) as presented in [Fig. 8](#f8-or-41-04-2194){ref-type="fig"}. The PPI network indicated close associations among the eight genes ([Fig. 9](#f9-or-41-04-2194){ref-type="fig"}).

### Identification of three potential chemicals for GBM treatment using CMap analysis

The eight genes, including four that were upregulated (CDK6, RB1, NRAS and PDGFRA) and four that were downregulated (CAMK2G, CAMK2B, PRKCB and CALM3) were submitted to the CMap web tool as up and down tags to acquire latent drugs in the therapy for GBM. By ranking the connectivity score in descending order, the top three chemicals (W-13, gefitinib and exemestane) were identified as being potential treatment options for GBM ([Table III](#tIII-or-41-04-2194){ref-type="table"}). The chemical structures of the three chemicals are presented in [Fig. 10](#f10-or-41-04-2194){ref-type="fig"}.

### Exploration of the interactions between the three chemicals and the eight genes

To ascertain whether the three chemicals directly bind to the proteins encoded by the eight genes, a protein-ligand docking analysis was performed. As the crystal structure of protein CALM3 was not identified in the PDB database, it was removed from the molecular docking analysis. The docking results are presented in [Table IV](#tIV-or-41-04-2194){ref-type="table"} and [Figs. 11](#f11-or-41-04-2194){ref-type="fig"}--[13](#f13-or-41-04-2194){ref-type="fig"}. The total docking score ranged from 3.5943 to 6.9781, indicating interactions between the three chemicals and the seven proteins. However, further experiments are required to verify these associations.

Discussion
==========

Since the identification of the first miRNA, an increasing number of studies have focused on the action and clinical application of miRNAs, particularly in terms of neoplasm treatment ([@b34-or-41-04-2194]). It has been demonstrated that miRNAs participate in multiple biological processes involved in tumorigenesis ([@b35-or-41-04-2194]). With the advantage of targeting genes that are involved in multiple pathological pathways, drug developments based on miRNAs have received increasing attention ([@b36-or-41-04-2194]).

The present study obtained 10 DEMs (hsa-miR-196a, hsa-miR-10b, hsa-miR-196b, hsa-miR-18b, hsa-miR-542-3p, hsa-miR-219-2-3p, hsa-miR-1224-5p, hsa-miR-129-3p, hsa-miR-876-3p and hsa-miR-770-5p) using a robust rank aggregation, which is a recognized method for integrating genes from diverse resources that are free of outliers, noise and errors ([@b20-or-41-04-2194]). Among these literatures, four studies corroborated overexpressed hsa-miR-196a in GBM and its contribution to the development of GBM ([@b37-or-41-04-2194]--[@b40-or-41-04-2194]). Additionally, four studies indicated that a high expression of hsa-miR-10b promoted the progression of GBM ([@b41-or-41-04-2194]--[@b44-or-41-04-2194]). Five studies focused on hsa-miR-196b and demonstrated its high expression in GBM ([@b45-or-41-04-2194]--[@b49-or-41-04-2194]) and one study, performed by Cai *et al* ([@b50-or-41-04-2194]), focused on hsa-miR-542-3p. The authors of these studies determined that hsa-miR-542-3p was downregulated in glioblastoma cell lines, which was not consistent with the gene chip results from the present study. Given the differences in sample sources, RNA extraction and detection, more studies are required to further assess the role of hsa-miR-542-3p in GBM. Additionally, the decreased expression of hsa-miR-1224-5p ([@b51-or-41-04-2194]) and hsa-miR-129-3p ([@b52-or-41-04-2194],[@b53-or-41-04-2194]), as well as their inhibitory effects on GBM, have been verified in previous studies. Furthermore, the association of hsa-miR-18b, hsa-miR-219-2-3p, hsa-miR-876-3p and hsa-miR-770-5p with GBM have not yet been reported. Since miRNAs control tumor development by regulating their downstream target genes ([@b54-or-41-04-2194]), the present study collected the target genes of the aforementioned 10 DEMs to elucidate how these DEMs mediate the pathophysiological processes of GBM. The DEGs in GBM were also obtained and an intersection between the target genes and the DEGs was performed to determine miRNA-associated DEGs. Gene functional and pathway enrichment analyses of the miRNA-associated DEGs revealed that these genes were involved with multiple tumor-associated biological processes and signaling pathways, including the 'cell growth', the 'MAPK signaling pathway', the 'GnRH signaling pathway' and the 'oxytocin signaling pathway'. Furthermore, eight genes (CDK6, RB1, CAMK2G, CAMK2B, NRAS, PRKCB, PDGFRA and CALM3) of the miRNA-associated DEGs were enriched in the glioma pathway, indicating their important roles in GBM. In the glioma pathway, the eight genes primarily participated in cell growth and proliferation, G1/S progression, and cell migration and mitosis, indicating that these genes participate in the development of GBM by mediating cell proliferation and metastasis. Each of the eight genes was targeted by more than one miRNA and one miRNA targeted more than one gene. For example, the PDGFRA gene was targeted by hsa-miR-770-5p and hsa-miR-196a. hsa-miR-196a targeted NRAS, PDGFRA and CALM3. miRNAs primarily exert effects via destabilization or translational repression by targeting the 3′ untranslated region of mRNA transcripts in the cytoplasm ([@b7-or-41-04-2194]). However, an increasing number of studies have indicated that miRNAs positively regulate gene transcription by targeting promoter elements ([@b55-or-41-04-2194]--[@b57-or-41-04-2194]). The present study revealed that certain miRNAs were negatively associated with their target genes (hsa-miR-1224-5p and CDK6; hsa-miR-196a and CALM3), while other miRNAs were positively associated with their target genes (hsa-miR-196a and NRAS; hsa-miR-1224-5p and PRKCB). However, further studies are required to assess the regulatory mechanisms of the 10 miRNAs and their target genes.

CMap is a practical tool for the exploration of novel drugs and for the repurposing of existing drugs, and its efficiency has been supported by numerous studies ([@b58-or-41-04-2194],[@b59-or-41-04-2194]). Aramadhaka *et al* ([@b58-or-41-04-2194]) identified Gila monster venom and Byetta^®^ as being therapeutic drugs for the treatment of type-2 diabetes using CMap analysis. Wang *et al* ([@b59-or-41-04-2194]) demonstrated that via cell apoptosis, prenylamine could be a candidate agent for the treatment of hepatocellular carcinoma. The present study selected the aforementioned eight genes for CMap analysis. Following this analysis, three chemicals (W-13, gefitinib and exemestane) were determined as latent therapeutic agents for GBM. As a calmodulin antagonist, W-13 has been demonstrated to inhibit cell growth ([@b60-or-41-04-2194]) and to induce cell apoptosis ([@b61-or-41-04-2194]). However, few studies on W-13 have assessed its anti-GBM effects. The results from the molecular docking analysis performed in the present study revealed that W-13 could bind to proteins CDK6, RB1, NRAS, PDGFRA, CAMK2G, CAMK2B and PRKCB, exhibiting high binding scores and indicating that W-13 could exert its anti-GBM effects by acting on these GBM-associated genes. The present study provides a theoretical basis for the application of W-13 in patients with GBM, but further studies are required to corroborate this conclusion.

The inhibitory effect of gefitinib on GBM, which is an epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor, has been demonstrated in previous studies ([@b62-or-41-04-2194],[@b63-or-41-04-2194]). However, its clinical application is limited due to gefitinib resistance ([@b62-or-41-04-2194]). A study by Aljohani *et al* ([@b64-or-41-04-2194]) revealed that PDGFRA was significantly upregulated in gefitinib-resistant GBM cells and that overexpressed PDGFRA regulated gefitinib resistance. The present study identified that PDGFRA was a target gene of the 10 DEMs, suggesting the potential of the 10 DEMs in enhancing gefitinib sensitivity in patients with GBM.

Exemestane is a widely used drug in the prevention and treatment of breast cancer due to its aromatase inhibitory role in the production of oestrogen ([@b65-or-41-04-2194]--[@b67-or-41-04-2194]). However, to the best of our knowledge, its antitumor effect on GBM has not yet been elucidated. A study by Kritikou *et al* ([@b68-or-41-04-2194]) revealed that the combination of exemestane and erlotinib significantly inhibited EGFR mitochondrial translocation. The EGFR mitochondrial translocation event serves important roles in tumor progression ([@b69-or-41-04-2194]) and contributes to drug resistance ([@b70-or-41-04-2194]). A study by Dasari *et al* ([@b71-or-41-04-2194]) indicated that the inhibition of the EGFR mitochondrial translocation event in GBM may be a therapeutic strategy. Additionally, the translocation of EGFR into mitochondria contributes to EGFR inhibitor drug resistance ([@b70-or-41-04-2194]). The combined use of exemestane and the EGFR inhibitor, gefitinib, in patients with GBM may therefore increase gefitinib sensitivity by inhibiting the translocation of EGFR into the mitochondria. However, further in-depth *in vitro* and *in vivo* experiments are essential to verify the anti-GBM effects and the synergistic antitumor effects of these compounds.

In the present study, the identification of W-13, gefitinib and exemestane were made on the basis of the eight GBM-associated genes (CDK6, RB1, CAMK2G, CAMK2B, NRAS, PRKCB, PDGFRA and CALM3), which were the target genes of the 10 DEMs (hsa-miR-196a, hsa-miR-10b, hsa-miR-196b, hsa-miR-18b, hsa-miR-542-3p, hsa-miR-219-2-3p, hsa-miR-1224-5p, hsa-miR-129-3p, hsa-miR-876-3p and hsa-miR-770-5p). Thus, the present study hypothesizes that the 10 DEMs may produce synergistic or antagonistic effects on the three chemicals by targeting these genes. However, more experiments are necessary to validate this conjecture.

In conclusion, by employing an integrated strategy of data mining and computational biology, the present study obtained 10 DEMs that may participate in the development of GBM. Furthermore, three candidate agents (gefitinib, W-13 and exemestane) in the treatment of GBM were identified following CMap analysis. Since the results are based on *In silico* analysis, further in-depth studies are necessary to add to the validity of these results.
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![Experimental flowchart of the present study. GEO, Gene Expression Omnibus; DEMs, differently expressed miRNAs; miRNA, microRNA; GEPIA, Gene Expression Profiling Interactive Analysis; DEGs, differently expressed genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of genes and genomes; PPI, protein-protein interaction.](OR-41-04-2194-g00){#f1-or-41-04-2194}

![DEMs in GBM based on data from the Gene Expression Omnibus. (A) Volcano plots for DEMs in GBM based on the datasets for (A) GSE25631, (B) GSE42657 and (C) GSE61710. (D) Heatmap for the five top upregulated and five top downregulated miRNAs in GBM using the RobustRankAggreg method with a value of P\<0.05. DEMs, differentially expressed miRNAs; GBM, glioblastoma multiforme; Down, downregulated; Up, upregulated; miR, microRNA.](OR-41-04-2194-g01){#f2-or-41-04-2194}

![Violin plots for the expression of the 10 DEMs in the 3 gene chips. (A) Expression of upregulated miRNAs (hsa-miR-196a, hsa-miR-10b, hsa-miR-196b, hsa-miR-18b and hsa-miR-542-3p) in GSE25631. (B) Expression of five downregulated miRNAs (hsa-miR-219-2-3p, hsa-miR-1224-5p, hsa-miR-129-3p, hsa-miR-876-3p and hsa-miR-770-5p) in GSE25631. (C) Expression of upregulated miRNAs (hsa-miR-196a, hsa-miR-10b, hsa-miR-196b, hsa-miR-18b and hsa-miR-542-3p) in GSE42657. (D) Expression of downregulated miRNAs (hsa-miR-219-2-3p, hsa-miR-1224-5p, hsa-miR-129-3p, hsa-miR-876-3p and hsa-miR-770-5p) in GSE42657. (E) Expression of upregulated miRNAs (hsa-miR-196a, hsa-miR-10b, hsa-miR-196b, hsa-miR-18b and hsa-miR-542-3p) in GSE61710. (F) Expression of downregulated miRNAs (hsa-miR-219-2-3p, hsa-miR-1224-5p, hsa-miR-129-3p, hsa-miR-876-3p and hsa-miR-770-5p) in GSE61710. DEMs, differentially expressed miRNAs; miR, microRNA; GBM, glioblastoma multiforme.](OR-41-04-2194-g02){#f3-or-41-04-2194}

![Identification of 390 miRNA-associated differently expressed genes. (A) Volcano plot for DEGs in GBM from the Gene Expression Profiling Interactive Analysis. The volcano plot was generated using the R package 'ggplot2'. (B) Venn diagram of overlapping genes from the DEGs in GBM and the target genes of the 10 differently expressed miRNAs. miRNA, microRNA; DEGs, differentially expressed genes; GBM, glioblastoma multiforme.](OR-41-04-2194-g03){#f4-or-41-04-2194}

###### 

Significantly enriched Gene Ontology enrichment annotations and KEGG pathways of the 390 miRNA-associated differently expressed genes in glioblastoma multiforme. (A) Top 10 biological process terms (B) Top 10 cellular component terms. (C) Top 10 molecular function terms. (D) Significantly enriched KEGG pathways (P\<0.05). The GO and KEGG pathway analyses were performed using the ClusterProfiler package in R. The GO terms were visualized using the R package 'GOplot' and the KEGG terms were visualized using the enrichMap function in the ClusterProfiler package. The enriched terms color changes gradually from deep to light in ascending order according to the P-values. KEGG, Kyoto Encyclopedia of genes and genomes.

![](OR-41-04-2194-g04)

![](OR-41-04-2194-g05)

![Glioma pathway from Kyoto Encyclopedia of genes and genomes pathway analysis. The glioma pathway was visualized using the R package 'pathview'. The color of the eight glioblastoma multiforme associated genes changed gradually from green to red in ascending order of the log2 (fold change) of each gene.](OR-41-04-2194-g06){#f6-or-41-04-2194}

![Box plots for the expression of the eight genes in glioblastoma multiforme determined from the Gene Expression Profiling Interactive Analysis: (A) CDK6, (B) RB1, (C) NRAS, (D) PDGFRA, (E) CAMK2G, (F) CAMK2B, (G) PRKCB and (H) CALM3. Num, number; T, tumor; N, normal; CDK6, cyclin-dependent kinase 6; RB1, retinoblastoma-associated protein; NRAS, GTPase NRas; PDGFRA, platelet-derived growth factor receptor alpha; CAMK2G, calcium/calmodulin-dependent protein kinase type II subunit gamma; CAMK2B, calcium/calmodulin-dependent protein kinase type II subunit beta; PRKCB, protein kinase C beta type; CALM3, calmodulin 3.](OR-41-04-2194-g07){#f7-or-41-04-2194}

![Immunohistochemistry staining of the proteins encoded by the 8 miRNA-associated differently expressed genes in the glioma pathway obtained from The Human Protein Atlas. (A) Low CDK6 expression in normal brain tissues (<https://www.proteinatlas.org/ENSG00000105810-CDK6/tissue/cerebral+cortex#img>). (B) High CDK6 expression in glioblastoma multiforme (GBM) tissues (<https://www.proteinatlas.org/ENSG00000105810-CDK6/pathology/tissue/glioma#img>). (C) Low RB1 expression in normal brain tissues (<https://www.proteinatlas.org/ENSG00000139687-RB1/tissue/cerebral+cortex#img>). (D) Moderate RB1 expression in GBM tissue (<https://www.proteinatlas.org/ENSG00000139687-RB1/pathology/tissue/glioma#img>). (E) NRAS protein was not detected in normal brain tissues (<https://www.proteinatlas.org/ENSG00000213281-NRAS/tissue/cerebral+cortex#img>). (F) Moderate NRAS expression in GBM tissue (<https://www.proteinatlas.org/ENSG00000213281-NRAS/pathology/tissue/glioma#img>). (G) PDGFRA protein was not detected in normal brain tissues (<https://www.proteinatlas.org/ENSG00000134853-PDGFRA/tissue/cerebral+cortex#img>). (H) Moderate PDGFRA expression in GBM tissues (<https://www.proteinatlas.org/ENSG00000134853-PDGFRA/pathology/tissue/glioma#img>). (I) High CAMK2G expression in normal brain tissues (<https://www.proteinatlas.org/ENSG00000148660-CAMK2G/tissue/cerebral+cortex#img>). (J) Moderate CAMK2G expression in GBM tissues (<https://www.proteinatlas.org/ENSG00000148660-CAMK2G/pathology/tissue/glioma#img>). (K) Moderate CAMK2B expression in normal brain tissues (<https://www.proteinatlas.org/ENSG00000058404-CAMK2B/tissue/cerebral+cortex#img>). (L) Weak CAMK2B expression in GBM tissues (<https://www.proteinatlas.org/ENSG00000058404-CAMK2B/pathology/tissue/glioma#img>). (M) Moderate PRKCB expression in normal brain tissues (<https://www.proteinatlas.org/ENSG00000166501-PRKCB/tissue/cerebral+cortex#img>). (N) Weak PRKCB expression in GBM tissues (<https://www.proteinatlas.org/ENSG00000166501-PRKCB/pathology/tissue/glioma#img>). (O) Moderate CALM3 expression in normal brain tissues (<https://www.proteinatlas.org/ENSG00000160014-CALM3/tissue/cerebral+cortex#img>). (P) Low CALM3 expression in GBM tissues (<https://www.proteinatlas.org/ENSG00000160014-CALM3/pathology/tissue/glioma#img>). Magnification of each, ×100. CDK6, cyclin-dependent kinase 6; RB1, retinoblastoma-associated protein; NRAS, GTPase NRas; PDGFRA, platelet-derived growth factor receptor alpha; CAMK2G, calcium/calmodulin-dependent protein kinase type II subunit gamma; CAMK2B, calcium/calmodulin-dependent protein kinase type II subunit beta; PRKCB, protein kinase C beta type; CALM3, calmodulin 3.](OR-41-04-2194-g08){#f8-or-41-04-2194}

![Protein-protein interaction network of the eight miRNA-associated differently expressed genes enriched in the glioma pathway. CDK6, cyclin-dependent kinase 6; RB1, retinoblastoma-associated protein; NRAS, GTPase NRas; PDGFRA, platelet-derived growth factor receptor alpha; CAMK2G, calcium/calmodulin-dependent protein kinase type II subunit gamma; CAMK2B, calcium/calmodulin-dependent protein kinase type II subunit beta; PRKCB, protein kinase C beta type; CALM3, calmodulin 3.](OR-41-04-2194-g09){#f9-or-41-04-2194}

![3D-structure of the three compounds identified by the Connective map analysis. (A) W-13, (B) gefitinib and (C) exemestane.](OR-41-04-2194-g10){#f10-or-41-04-2194}

![Binding mode of W-13 and proteins, (A) cyclin-dependent kinase 6, (B) retinoblastoma-associated protein, (C) calcium/calmodulin-dependent protein kinase type II subunit gamma, (D) calcium/calmodulin-dependent protein kinase type II subunit beta, (E) GTPase NRas, (F) protein kinase C beta type and (G) platelet-derived growth factor receptor alpha.](OR-41-04-2194-g11){#f11-or-41-04-2194}

![Binding mode of gefitinib and proteins, (A) cyclin-dependent kinase 6, (B) retinoblastoma-associated protein, (C) calcium/calmodulin-dependent protein kinase type II subunit gamma, (D) calcium/calmodulin-dependent protein kinase type II subunit beta, (E) GTPase NRas, (F) protein kinase C beta type and (G) platelet-derived growth factor receptor alpha.](OR-41-04-2194-g12){#f12-or-41-04-2194}

![Binding mode of exemestane and proteins, (A) cyclin-dependent kinase 6, (B) retinoblastoma-associated protein, (C) calcium/calmodulin-dependent protein kinase type II subunit gamma, (D) calcium/calmodulin-dependent protein kinase type II subunit beta, (E) GTPase NRas, (F) protein kinase C beta type and (G) platelet-derived growth factor receptor alpha.](OR-41-04-2194-g13){#f13-or-41-04-2194}

###### 

Basic information of the three gene chips obtained from Gene Expression Omnibus.

  First author (publication year)   Country          Data source   Platform   Sample size (T/N)   (Refs.)
  --------------------------------- ---------------- ------------- ---------- ------------------- ------------------------
  Zhang *et al* (2012)              China            GSE25631      GPL8179    82/5                ([@b31-or-41-04-2194])
  Jones *et al* (2015)              United Kingdom   GSE42657      GPL8179    5/7                 ([@b32-or-41-04-2194])
  Piwecka *et al* (2015)            Poland           GSE61710      GPL10656   10/5                ([@b33-or-41-04-2194])

T, tumor; N, normal control; Ref., reference.

###### 

Five top upregulated miRNAs and five top downregulated miRNAs from Gene Expression Omnibus.

  Literature retrieval                                                                                        
  ---------------------- ------------------ ------ ------ --------------------------------------------------- -----------------------------------------------------------------------
  Dou *et al*            hsa-miR-196a       Up            Polymorphism                                        ([@b37-or-41-04-2194])
  Yang *et al*                                     Up     Tumor growth                                        ([@b38-or-41-04-2194])
  Guan *et al*                                     Up     None                                                ([@b39-or-41-04-2194])
  Yang *et al*                                     Up     None                                                ([@b40-or-41-04-2194])
  Sasayama *et al*       hsa-miR-10b        Up     Up     Cell invasion                                       ([@b41-or-41-04-2194])
  Guessous *et al*                                 Up     Cell invasion, cell migration, tumor growth         ([@b42-or-41-04-2194])
  Gabriely *et al*                                 Up     Cell proliferation, cell death                      ([@b43-or-41-04-2194])
  Ji *et al*                                       Up     None                                                ([@b44-or-41-04-2194])
  Guan *et al*           hsa-miR-196b       Up     Up     None                                                ([@b45-or-41-04-2194])
  Lakomy *et al*                                   Up     None                                                ([@b46-or-41-04-2194])
  Ma *et al*                                       Up     None                                                ([@b47-or-41-04-2194])
  You *et al*                                      Up     None                                                ([@b48-or-41-04-2194])
  Karsy M *et al*                                  Up     None                                                ([@b49-or-41-04-2194])
                         hsa-miR-18b        Up            None                                                No ref.
  Cai *et al*            hsa-miR-543-3p     Up     Down   Cell invasion                                       ([@b50-or-41-04-2194])^[a](#tfn2-or-41-04-2194){ref-type="table-fn"}^
                         hsa-miR-219-2-3p   Down          None                                                No ref.
  Qian *et al*           hsa-miR-1224-5p    Down   Down   Cell proliferation, cell invasion, cell apoptosis   ([@b51-or-41-04-2194])
  Ouyang *et al*         hsa-miR-129-3p     Down   Down   Cell proliferation, tumor growth                    ([@b52-or-41-04-2194])
  Fang *et al*                                     Down   Cell viability, cell growth                         ([@b53-or-41-04-2194])
                         hsa-miR-876-3p     Down          None                                                No ref.
                         hsa-miR-770-5p     Down          None                                                No ref.

The expression of hsa-miR-542-3p was inconsistent with our result. Ref., reference.

###### 

Three chemicals identified as therapeutic agents for glioblastoma multiforme from CMap analysis.

  CMap name    Enrichment   Dose    Cell lines   Up score   Down score
  ------------ ------------ ------- ------------ ---------- ------------
  W-13         −0.989       10 µM   MCF7         −0.356     0.532
  Gefitinib    −0.989       10 µM   HL60         −0.289     0.479
  Exemestane   −0.981       10 nM   MCF7         −0.382     0.351

CMap, connectivity map.

###### 

Results of protein-ligand docking.

  Gene symbol   Protein name                                                        PDB ID   Chemical     Total score   Crash     Polar
  ------------- ------------------------------------------------------------------- -------- ------------ ------------- --------- --------
  CDK6          Cyclin-dependent kinase 6                                           1BI7     W-13         6.9158        −0.6018   1.0852
                                                                                             Gefitinib    4.5461        −1.5497   1.0374
                                                                                             Exemestane   4.2617        −0.6835   1.2109
  RB1           Retinoblastoma-associated protein                                   2QDJ     W-13         6.1141        −0.7408   2.1589
                                                                                             Gefitinib    5.1361        −3.0039   1.0429
                                                                                             Exemestane   4.5673        −1.2303   2.2315
  CAMK2G        Calcium/calmodulin-dependent protein kinase type II subunit gamma   2V7O     W-13         6.5899        −0.9631   2.1155
                                                                                             Gefitinib    5.5314        −0.8239   4.6009
                                                                                             Exemestane   5.5085        −2.4882   2.8500
  CAMK2B        Calcium/calmodulin-dependent protein kinase type II subunit beta    3BHH     W-13         6.9781        −0.8004   2.9012
                                                                                             Gefitinib    5.4665        −1.7396   3.6928
                                                                                             Exemestane   4.7782        −1.8678   4.6573
  NRAS          GTPase NRas                                                         3CON     W-13         6.9580        −0.7966   3.5558
                                                                                             Gefitinib    5.1191        −1.6695   2.1113
                                                                                             Exemestane   3.7527        −1.3243   1.6902
  PRKCB         Protein kinase C beta type                                          3PFQ     W-13         5.9087        −0.7642   4.3292
                                                                                             Gefitinib    5.9886        −0.9356   2.5291
                                                                                             Exemestane   3.5943        −0.6226   2.3138
  PDGFRA        Platelet-derived growth factor receptor alpha                       5K5X     W-13         6.7711        −1.3263   4.9966
                                                                                             Gefitinib    4.0157        −1.0638   1.1911
                                                                                             Exemestane   4.8780        −0.9005   2.6185

PDB ID: protein data bank identification.
